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(57) ABSTRACT

Disclosed are a method for fabricating a semiconductor
device and the associated semiconductor structure. The
method includes exposing a photoresist layer disposed on a
semiconductor wafer utilizing a grating mask having a
plurality of grating lines to produce exposed lines and
unexposed lines in the photoresist layer. The method further
includes exposing the photoresist layer utilizing a trim mask
having a blocking portion situated over a selected one of the
unexposed lines. The photoresist layer may be developed
after exposing the photoresist layer utilizing the trim mask.
A line may then be etched into the semiconductor wafer
where the selected one of the unexposed lines was blocked
by the blocking portion of the trim mask. The width of the
unexposed lines may be controlled by adjusting an exposure
time or an exposure power for the photoresist layer while
utilizing the grating mask.

20 Claims, 6 Drawing Sheets
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SEMICONDUCTOR FABRICATION
UTILIZING GRATING AND TRIM MASKS

BACKGROUND

The present application claims the benefit of and priority
to a pending provisional patent application entitled “Grating
and Trim Masks to Produce Critical Dimensions in Semi-
conductor Fabrication,” Ser. No. 61/618,634 filed on Mar.
30, 2012. The disclosure in that pending provisional appli-
cation is hereby incorporated fully by reference into the
present application.

As semiconductor devices, such as bipolar transistors,
continue to decrease in size, smaller critical dimensions
(CDs) are required for features within the devices. Advanced
lithography techniques currently include 193 nanometer
(nm) wavelength (deep ultraviolet or DUV) lithography and
immersion lithography, for example. While such advanced
lithography techniques may be applied to both bipolar
transistors as well as CMOS transistors, the benefit in
bipolar transistor performance does not outweigh the high
cost involved with developing the sub-micron lithography
techniques used in advanced CMOS nodes, for example, at
or below the 45 nm node.

Traditional lithography techniques utilizing 248 nm deep
ultraviolet exposure are sufficient to produce the line widths
necessary to create satisfactory bipolar devices operating at
up to 200 GHz. However, as the frequency of unity power
gain F, . for a particular transistor is driven past 200 GHz,
the CDs of key features as well as their tolerances become
more difficult to achieve. Specifically regarding bipolar
transistors, the width of the collector implant window under-
neath the intrinsic emitter, and the width of the emitter poly
contact pedestal above the intrinsic emitter, must be reduced
as much as possible.

SUMMARY

The present disclosure is directed to semiconductor fab-
rication utilizing grating and trim masks, substantially as
shown in and/or described in connection with at least one of
the figures, and as set forth more completely in the claims.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 presents an exemplary system for fabricating a
semiconductor device, in accordance with one implementa-
tion of the present application.

FIG. 2A illustrates an exemplary top view of a photoresist
layer viewed through a grating mask and lens in accordance
with one implementation of the present application.

FIG. 2B illustrates an exemplary top view of a photoresist
layer after a first exposure utilizing the grating mask, in
accordance with one implementation of the present appli-
cation.

FIG. 2C illustrates an exemplary top view of a photoresist
layer with the application of a trim mask, in accordance with
one implementation of the present application.

FIG. 2D illustrates an exemplary top view of a photoresist
layer after a second exposure utilizing the trim mask, in
accordance with one implementation of the present appli-
cation.

FIG. 3A illustrates an exemplary zoomed top view of
photoresist layer after a second exposure utilizing the trim
mask, in accordance with one implementation of the present
application.
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FIG. 3B illustrates an exemplary zoomed top view of an
etched line formed by a subsequent etch of a semiconductor
wafer underlying a photoresist layer, in accordance with one
implementation of the present application.

FIG. 4 illustrates several features obtained utilizing trim
masks of varying dimension, in accordance with one imple-
mentation of the present application.

FIG. 5 illustrates a phase shifting mask for fabricating a
semiconductor device, in accordance with one implementa-
tion of the present application.

FIG. 6 illustrates an exemplary graph showing photoresist
exposure latitude while fabricating a semiconductor device,
in accordance with one implementation of the present appli-
cation.

FIG. 7 illustrates an exemplary graph showing depth of
field while fabricating a semiconductor device, in accor-
dance with one implementation of the present application.

FIG. 8 illustrates an exemplary vertical heterojunction
bipolar transistor (HBT) fabricated in accordance with one
implementation of the present application.

DETAILED DESCRIPTION

The following description contains specific information
pertaining to implementations in the present disclosure. The
drawings in the present application and their accompanying
detailed description are directed to merely exemplary imple-
mentations. Unless noted otherwise, like or corresponding
elements among the figures may be indicated by like or
corresponding reference numerals. Moreover, the drawings
and illustrations in the present application are generally not
to scale, and are not intended to correspond to actual relative
dimensions.

The present inventive concepts utilize a grating mask to
expose arrays of ultra-fine lines in a photoresist layer having
CDs narrower than the capability of current lithography
techniques. A second trim mask may then be applied over
the array of ultra-fine lines in the photoresist layer to trim out
neighboring exposed lines and to control the length of one
or more of the ultra-fine lines. The use of such a two-step
grating/trim mask technique may allow the formation of
features having approximately half the CD possible with
current binary-mask lithography techniques. For example,
the present inventive concepts have proven capable of
fabrication resolutions as small as approximately 50 nm.

FIG. 1 presents an exemplary system for fabricating a
semiconductor device, in accordance with one implementa-
tion of the present application. System 100 may include
semiconductor wafer 105 having photoresist layer 120 situ-
ated thereon. System 100 may also include exposure mask
110, which may be either a grating mask or a trim mask, for
example. Where exposure mask 110 is a grating mask,
exposure mask 110 may include several grating lines, such
as exemplary grating lines 112 and 114. Lens 130 may be
situated between exposure mask 110 and photoresist layer
120 in order to focus exposure radiation 160 onto photoresist
layer 120 according to the pattern of exposure mask 110.
Due to interference and diffraction effects of exposure
radiation 160 passing through the grating lines of exposure
mask 110, the intensity of exposure pattern 140 on photo-
resist layer 120 may include a series of low intensity regions
142, 144 and high intensity regions 146, 148. Though
exposure pattern 140 is shown above photoresist layer 120,
the actual exposure pattern will occur within photoresist
layer 120. Regions of highest intensity will occur between
the grating lines forming exposed lines in photoresist layer
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120, while regions of lowest intensity will occur directly
under the grating lines forming unexposed lines in photo-
resist layer 120.

FIG. 2A through 2D illustrate exemplary progressive top
views of the fabrication of a feature having an ultra-fine
critical dimension, in accordance with one implementation
of'the present application. Specifically, FIG. 2A illustrates an
exemplary top view of a photoresist layer viewed through an
exposure mask and lens as shown in FIG. 1, for example.
FIG. 2A may include uniform photoresist layer 220a dis-
posed on a semiconductor wafer (not shown), as in FIG. 1.
Photoresist layer 220a may be either a negative or a positive
photoresist. Where a positive photoresist is utilized, exposed
portions of photoresist layer 220a will be removed during
subsequent development. Where a negative photoresist is
utilized, exposed portions of photoresist layer 220a will
remain after subsequent development. A grating mask 210
may be situated over photoresist layer 220a and may include
several closely spaced grating lines, for example grating
lines 212 and 214. Each of the grating lines may include a
layer of chrome, for example, for blocking exposure radia-
tion during subsequent photoresist exposure. Once grating
mask 210 is secured in place, photoresist layer 220a may be
subjected to the appropriate exposure radiation.

FIG. 2B illustrates an exemplary top view of a photoresist
layer after a first exposure utilizing the grating mask, in
accordance with one implementation of the present appli-
cation. Such an exposure may produce several exposed lines
shown in photoresist layer 2205, such as exposed lines 246
and 248. Each of the exposed lines may be separated from
an adjacent exposed line by an unexposed line in the
photoresist layer, such as unexposed lines 242 and 244. The
width of unexposed lines 242 and 244 may be controlled by
the width of the grating lines of the grating mask. The width
of unexposed lines 242 and 244 may additionally be con-
trolled by adjusting the exposure time and/or exposure
power for photoresist layer 220a while utilizing the grating
mask of FIG. 2A. For example, utilizing positive photore-
sist, the width of each of the unexposed lines may be reduced
by overexposing the photoresist layer. Thus, the width of the
grating lines may be larger or smaller than the width, or CD,
of the lines produced by the grating mask.

FIG. 2C illustrates an exemplary top view of a photoresist
layer with the application of a trim mask, in accordance with
one implementation of the present application. Specifically,
trim mask 250 may have one or more blocking portions 255
situated over one of the unexposed lines, for example,
unexposed line 224. Once the trim mask is secured in place,
photoresist layer 220¢ may be exposed to the appropriate
exposure radiation for a second time.

FIG. 2D illustrates an exemplary top view of a photoresist
layer after a second exposure utilizing the trim mask, in
accordance with one implementation of the present appli-
cation. Such exposure may cause only the portion of unex-
posed line 244 of FIG. 2C situated under blocking portion
255 of trim mask 250 to remain unexposed. Such a remain-
ing unexposed line is shown as unexposed line 244a. Thus,
a photoresist layer may be exposed utilizing a grating mask
and then without developing the photoresist the photoresist
layer may be exposed a second time utilizing a trim mask.
Once double-exposed photoresist layer 2204 is developed,
unexposed line 244a will have a CD as narrow as one-half
of'the CD possible if a grating mask was not used due to the
effects of exposure radiation interference and partial diffrac-
tion.

Once a single unexposed line is formed, its CD may be
further narrowed by etching. FIG. 3A illustrates an exem-
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plary zoomed top view 370a of photoresist layer 2204 after
a second exposure utilizing the trim mask, in accordance
with one implementation of the present application. For
example, top view 370q illustrates the portion of photoresist
layer 2204 bounded by the dashed box 270 in FIG. 2D,
where line 334a is shown after photoresist exposure and
development having a width w, of 140 nm, for example.
FIG. 3B illustrates zoomed top view 3705 showing etched
line 354, which may have a width w, of 115 nm, for
example, formed by a subsequent etch of the underlying
semiconductor wafer after double-exposure of the photore-
sist layer. In this way, a further narrowing of features formed
utilizing the 2-step grating/trim mask technique of the
present application may be obtained.

An added benefit of this 2-step grating/trim mask tech-
nique is a relaxation of the dimension and alignment require-
ments of the trim mask. Because exposure through the
grating mask results in exposed lines on either side of a
particular unexposed line, the width of the blocking portion
of the trim mask may be larger than the grating lines of the
grating mask. Accordingly, a blocking portion of the trim
mask may be as large as possible while only masking a
single line formed by the grating mask exposure. FIG. 4
illustrates several features obtained utilizing trim masks of
varying dimension, in accordance with one implementation
of the present application. For example, view 400 shows the
effect of a grating mask first utilized to form unexposed lines
having a width of 150 nm and a pitch of 330 nm between
adjacent unexposed lines on semiconductor wafer 405, for
example. Line 401 illustrates the result of utilizing a trim
mask having a width of between 450 nm and 600 nm. For
line 401, the trim mask is narrow enough to only mask a
single unexposed line.

However, as the width of the trim mask increases, addi-
tional unexposed lines may be undesirably masked. As
shown by etched lines 402, a trim mask having a width of
650 nm is utilized, which was sufficiently wide to mask two
adjacent unexposed lines resulting in the etching of both
adjacent unexposed lines into etched lines 402. Likewise,
lines 403 were formed utilizing a trim mask having a width
of 700 nm, which was sufficiently wide to mask three
adjacent unexposed lines, resulting in the etching of all three
adjacent unexposed lines into etched lines 403. Thus, the
width of the blocking portions of the trim mask may be
chosen according to the requirements of a particular appli-
cation with regard to the width and pitch of exposed and
unexposed lines formed by the grating mask.

In addition, as the dimensions of semiconductor features
decrease, the need to achieve precise focus of the mask
image becomes more important. Further exacerbating the
focus issue is the fact that lines formed in photolithography
masks are not perfect. Variations in lines projected onto the
photoresist layer cause a proportional variation in etched
lines. The mask error function (MEF) is the ratio of the
variation in width of a feature formed on a wafer to the
variation in the width of that feature on the mask itself.
Conventional photolithographic techniques achieve MEFs
of approximately 2.0. Thus, any imperfections on the mask
are magnified by a factor of 2.0 in the transfer to the wafer
using conventional techniques. A solution to both the focus
and MEF issues may be the implementation of a phase
shifting mask for the grating mask and/or the trim mask.

FIG. 5 illustrates a phase shifting mask for fabricating a
semiconductor device, in accordance with one implementa-
tion of the present application. FIG. 5 may include phase
shifting mask 510 having chrome line 512, which may
correspond to any grating line of a grating mask or blocking
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portion of a trim mask as described above. Phase shifting
mask 510 may additionally include first recess 522 adjacent
to chrome line 512 and second recess 524 adjacent to
chrome line 512 on a side opposite of first recess 522. First
recess 522 and second recess 524 may be etched during a
mask-making process such that first recess 522 has a first
depth d; and second recess 524 has a second depth d..

By controlling the thickness of the mask within recesses
522 and 524, the phase of the exposure radiation passing
through those portions of the mask may be adjusted. Accord-
ingly, d, and d, may be chosen such that exposure radiation
of'a predetermined frequency passing through the first recess
and exposure radiation passing through the second recess are
180° out of phase with each another. For example, exposure
radiation passing through the entire mask thickness d; may
have a relative phase of 0°. d; may be chosen such that
exposure radiation passing through first recess 522 is phase
shifted by 90°. Similarly, d, may be chosen such that
exposure radiation passing through second recess 524 is
phase shifted by 270°, creating a relative phase shift between
first and second recesses of 180°. However, the present
application is not limited to the above phase shifts, but may
include any two phase shifts through the first and second
recesses that are 180° out of phase with one another.

Exposure radiation passing through the different thick-
nesses of phase shift mask 510 may cause interference and
partial diffraction, resulting in a higher contrast and a
sharper photoresist image than would be possible without
the use of a phase shift grating mask. Thus, the use of a
phase shift mask for the grating mask may increase the focus
of projected masking images. In addition, use of a phase
shift mask: increases the usable process window at very
small CDs, increases the range of CDs available from a
single mask through overexposure or underexposure, and
reduces the mask error function as compared to conventional
binary masks. For example, at least one experiment utilizing
a phase shift mask applied to a grating mask of the present
application produced a mask error function of less than 0.38.
Thus, instead of magnifying mask imperfections by a factor
of 2.0 as with conventional photolithographic techniques,
the present inventive concepts may reduce the impact of
mask imperfections by a factor of more than 2.5.

In addition, fabrication of very small features at the limits
of conventional photoresist exposure techniques results in
very small process windows. Using a grating mask to
produce a dense collection of grating lines produces
increased exposure latitude as well as a much larger depth of
focus, compared to the conventional technique of defining
single narrow lines in a mask. This may be attributed to the
increased interference and partial diffraction experienced
when closely packed grating lines in the grating mask are
used.

FIG. 6 illustrates an exemplary graph showing photoresist
exposure latitude while fabricating a semiconductor device,
in accordance with one implementation of the present appli-
cation. For example, graph 600 illustrates an exposure
latitude plot 610 showing feature widths produced as a result
of several grating mask exposures at varying exposure
powers, followed by a control trim mask exposure at a
power of 20 ml/cm®. Exposure latitude is the range of
exposure power that may be used to achieve a feature having
a CD within a specified tolerance. For example, FIG. 6
shows fabrication of a line having a target CD of 90 nm with
a tolerance of +10%. According to FIG. 6, during the grating
mask phase any exposure power between approximately
32.5 mJ/em? and 38.0 mJ/cm? may be applied to produce a
line having a CD of 90 nm+10%, yielding an exposure
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latitude of approximately 15%. In addition, a particular CD
may be achieved by varying exposure power over grating
lines having varying CDs. Thus, the present inventive con-
cepts may allow increased flexibility in both applied expo-
sure power and choice of grating line CD.

FIG. 7 illustrates an exemplary graph showing depth of
field while fabricating a semiconductor device, in accor-
dance with one implementation of the present application.
More specifically, FIG. 7 shows graph 700 comparing a
simulated conventional depth of field (DOF) plot 710 with
a DOF plot 720 of a system in accordance with an imple-
mentation of the present application. The conventional sys-
tem may utilize a single isolated line projected onto a
photoresist layer, while the system in accordance with an
implementation of the present application may utilize a
grating mask having many closely-spaced grating lines
projected onto a photoresist layer. FIG. 7 may show the DOF
for fabrication of an emitter post having a CD of 140 nm
with a tolerance of £10 nm. As shown by FIG. 7, the
conventional DOF plot 710 is within tolerance only between
focus distances of from approximately —170 nm to approxi-
mately +170 nm, having a DOF of approximately 340 nm.
However, the DOF plot 720 of a system in accordance with
an implementation of the present application is within
tolerance at least between focus distances of -400 nm to
more than the point of resist loss at +200 nm, having a DOF
of greater than 600 nm. In some applications, the range of
focus of the present inventive concepts may be between 2
and 5 times that of conventional single line masking pro-
cesses.

Thus, by choosing an appropriate grating line size and
pitch for the emitter layer, for example, the same grating
mask may be used in the fabrication of multiple semicon-
ductor layers. For example, the same grating mask may be
used in conjunction with separate trim masks to form several
layers of a device structure. In such an application, only one
extra reticle would be required to enable more aggressive
CDs for as many as 5 or more masking steps. In addition,
because the same photoresist layer is exposed utilizing
multiple masks, added costs associated with wafer process-
ing are negligible. Additionally, combined with the use of
both positive and negative photoresist layers, features such
as emitter posts (EM) and emitter windows (EW), respec-
tively, may be fabricated using the same grating mask. The
present inventive concepts also reduce registration error
associated with alignment of several different masking lay-
ers clue to the multiple uses of the same grating mask.
Reduction in registration error is beneficial since, in many
applications, tight overlays may be more critical for perfor-
mance of the devices than the absolute values of feature
CDs.

In addition, since the emitters of bipolar transistors in
analog designs are almost always separated by at least
several tenths of a micron, a single grating pitch may allow
for trim masks having relatively relaxed dimensions. The
present inventive concepts may additionally provide rela-
tively flexible circuit design since emitters need only fall on
a grid of some integer multiple of the grating pitch for their
fabrication. In fact, a single grating mask may be used
multiple times in different layouts so long as the circuit
design places the emitters on a pre-defined grid. Also, as
previously stated, overexposure and underexposure of the
grating mask may allow for fabrication of narrower or wider
CDs than the grating line widths. Thus, the added cost
involved to enable such advanced CDs to a BiCMOS
technology, for example, would be almost negligible. Uti-
lizing the same grating mask for multiple layers may provide
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reduced mask costs as well as improved alignment by
eliminating mask registration errors, which increases pro-
cess margin.

FIG. 8 illustrates an exemplary vertical heterojunction
bipolar transistor (HBT) fabricated in accordance with one
implementation of the present application. More specifi-
cally, HBT 800 may include emitter 820, base 830 and
collector 840. In one implementation, several of the above-
mentioned HBT features may be fabricated utilizing a single
grating mask. For example, the emitter typically represents
the CD of HBT 800, having the narrowest dimension. In a
conventional design, the width w; of emitter 820 may be
approximately 130 nm, near the limits of current applicable
photolithographic techniques. However, utilizing the present
inventive concepts, w; may be made as narrow as 50 nm.
The widths of base 830 and collector 840 may similarly be
reduced using the above described grating mask techniques.
Most importantly, the present inventive concepts allow for
each of these features to be fabricated utilizing the same
grating mask. For example, a grating mask may be fabri-
cated having a grating line width and pitch suitable to
fabricate collector 840 at designed tolerances. For each
layer, overexposure or underexposure of the grating mask
may be used to provide a feature width narrower or wider,
respectively, than that of collector implant 840. If necessary,
an additional etch may be utilized to further reduce the CD
of a particular feature. For example, the emitter may be
etched, if necessary, to reduce its CD to 50 nm. At each layer,
a different trim mask may be applied after exposure with the
grating mask to define the lengths of each of the features
according to design requirements. Thus, the present inven-
tive concepts allow for the fabrication of multiple features
having various widths narrower than those achievable by the
capabilities of current techniques. Such methods may be
useful in any application where semiconductor components
may be laid out in a predetermined grid formation, or where
multiple features must be fabricated vertically one over the
other.

From the above description it is manifest that various
techniques can be used for implementing the concepts
described in the present application without departing from
the scope of those concepts. Moreover, while the concepts
have been described with specific reference to certain imple-
mentations, a person of ordinary skill in the art would
recognize that changes can be made in form and detail
without departing from the scope of those concepts. As such,
the described implementations are to be considered in all
respects as illustrative and not restrictive. It should also be
understood that the present application is not limited to the
particular implementations described above, but many rear-
rangements, modifications, and substitutions are possible
without departing from the scope of the present disclosure.

The invention claimed is:
1. A method for fabricating a semiconductor device, said
method comprising:

exposing a photoresist layer disposed on a semiconductor
wafer utilizing a grating mask having a plurality of
grating lines to produce exposed lines and unexposed
lines in said photoresist layer;

exposing said photoresist layer utilizing a trim mask
having a chrome line in a blocking portion situated over
a selected one of said unexposed lines, wherein said
trim mask includes at least two recesses having differ-
ent depths adjacent to said chrome line, and wherein
said chrome line is aligned with respective sidewalls of
said at least two recesses.
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2. The method of claim 1, further comprising developing
said photoresist layer after said exposing said photoresist
layer utilizing said trim mask.

3. The method of claim 1, further comprising controlling
a width of said unexposed lines by adjusting an exposure
time of said photoresist layer while utilizing said grating
mask.

4. The method of claim 1, further comprising controlling
a width of said unexposed lines by adjusting an exposure
power for said photoresist layer while utilizing said grating
mask.

5. The method of claim 1, wherein said photoresist layer
comprises a positive photoresist.

6. The method of claim 5, further comprising etching a
line into said semiconductor wafer where said selected one
of said unexposed lines was blocked by said blocking
portion of said trim mask.

7. The method of claim 1, wherein said photoresist layer
comprises a negative photoresist.

8. The method of claim 1, wherein said grating mask
comprises an alternating phase shift mask.

9. The method of claim 1, wherein said grating mask
comprises an alternating phase shift mask, said alternating
phase shift mask comprising:

a chrome line to function as one of said plurality of

grating lines;

a first recess having a first depth and situated adjacent to
said chrome line;

a second recess having a second depth and situated
adjacent to said chrome line on a side opposite of said
first recess.

10. The method of claim 9, wherein radiation passing
through said first recess is approximately 180 degrees out of
phase with radiation passing through said second recess.

11. A semiconductor wafer fabricated by a method com-
prising:

exposing a photoresist layer disposed on said semicon-
ductor wafer utilizing a grating mask having a plurality
of grating lines to produce exposed lines and unex-
posed lines in said photoresist layer;

exposing said photoresist layer utilizing a trim mask
having a chrome line in a blocking portion situated over
a selected one of said unexposed lines, wherein said
trim mask includes at least two recesses having differ-
ent depths adjacent to said chrome line, and wherein
said chrome line is aligned with respective sidewalls of
said at least two recesses.

12. The semiconductor wafer of claim 11, wherein said
photoresist layer is developed after said exposing said
photoresist layer utilizing said trim mask.

13. The semiconductor wafer of claim 11, wherein a width
of said unexposed lines is controlled by adjusting an expo-
sure time of said photoresist layer while utilizing said
grating mask.

14. The semiconductor wafer of claim 11, wherein a width
of said unexposed lines is controlled by adjusting an expo-
sure power for said photoresist layer while utilizing said
grating mask.

15. The semiconductor wafer of claim 11, wherein said
photoresist layer comprises a positive photoresist.

16. The semiconductor wafer of claim 15, wherein a line
is etched into said semiconductor wafer where said selected
one of said unexposed lines was blocked by said blocking
portion of said trim mask.

17. The semiconductor wafer of claim 11, wherein said
photoresist layer comprises a negative photoresist.
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18. The semiconductor wafer of claim 11, wherein said
grating mask comprises an alternating phase shift mask.

19. The semiconductor wafer of claim 11, wherein said
grating mask comprises an alternating phase shift mask, said
alternating phase shift mask comprising:

a chrome line to function as one of said plurality of

grating lines;

a first recess having a first depth and situated adjacent to
said chrome line;

a second recess having a second depth and situated
adjacent to said chrome line on a side opposite of said
first recess.

20. The semiconductor wafer of claim 19, wherein radia-
tion passing through said first recess is approximately 180
degrees out of phase with radiation passing through said
second recess.
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